Tick-borne disease surveillance was conducted from March-October 2014 in two southeastern provinces, including three metropolitan areas, in the Republic of Korea (ROK). Three general habitats were surveyed: Grasses (grasses and herbaceous and crawling vegetation), Forests (pine, larch, deciduous, and mixed), and Forests+Grasses. A total of 40,048 ticks (1,480 adults; 24,201 nymphs; 14,367 larvae) belonging to three genera and six species were collected. Haemaphysalis longicornis (84.25%; 33,741) was the most commonly collected tick, followed by Haemaphysalis flava (14.52%; 5,816), Ixodes nipponensis (1.09%; 436), Amblyomma testudinarium (0.07%; 27), Haemaphysalis phasiana (0.06%; 23), and Ixodes turdus (0.01%; 5). Overall, adult ticks accounted for only 3.70% of all ticks collected, while nymphs and larvae accounted for 60.43% and 35.87%, respectively. The proportion of H. longicornis nymphs was highest beginning in March (99.51%), slowly declined through July (82.01%) and then rapidly declined to a low in October (6.45%). Large increases in the proportion of H. longicornis larvae were observed in August (42.05%), September (84.19%) and October (93.55%) following increased numbers of adults collected in June (4.20%), July (17.99%) and August (9.79%). Haemaphysalis flava adults and nymphs were commonly collected from April-May and October, while larvae were first collected from July, with peak numbers collected in August and low numbers collected during September-October. The proportion of I. nipponensis adults was highest in March (75.34%), declined to a low in July (0%), and then increased in September (60.00%) and October (90.32%). Larvae were collected only in August-September and accounted for 64.29% and 20.00% of all I. nipponensis collected during those months. Similar proportions of males and females of H. flava (51.47% and 48.53%, respectively) were collected from all habitats, while significantly more I. nipponensis males (62.20%) were collected than females (37.80%). Conversely, the proportion of H. longicornis females (80.00%) collected was significantly higher than for males (20.00%). Overall, the mean number of ticks collected/hr of collection for all habitats was 156.06/hr of collection. Similar numbers were collected/hr for Forests (172.61) and Grasses (168.64), while lower numbers were collected/hr for Forests+Grasses (128.12).
Introduction
Ticks belonging to the family Ixodidae are vectors of emerging zoonotic pathogens that pose significant health threats to humans, domestic animals and birds, and wildlife worldwide (Parola & Raoult 2001) . As a result, tick-borne disease surveillance has taken on increasing importance in the Republic of Korea (ROK) as more pathogens that impact human and animal health are discovered (Chow 1973 , Cho et al. 1991 , Park et al. 1992 , Shim et al. 1993 , Kee et al. 1994 , Uchida et al. 1995 , Sachar 2000 , Heo et al. 2002 , 2009 , Jang et al. 2004 , Choi, et al. 2005 , Kang et al. 2013 , including the recent discovery of a novel Bunyavirus, severe fever with thrombocytopenia syndrome virus (SFTSV) , that resulted in 1 case/1 death (retrospective), 35 cases/17 deaths (48.6% mortality), 51 cases/16 deaths (31.7% mortality), and 79 cases/21 deaths (26.6% mortality) during , 2014 , respectively (Zhang et al. 2012 , Park et al. 2014a , b, Yun et al. 2014a , b, 2016 , KCDC 2015 . To address these and other concerns, the U.S. Army Public Health Command DistrictKorea (Provisional), in collaboration with the 65 th Medical Brigade, Korea, established a tick-borne disease surveillance program using tick drag methods, as described by Chong et al. (2013a) , to identify the geographical, seasonal, and development stage distributions ) and relative abundance of ticks in selected habitats in the southeastern provinces of the ROK, where human cases of SFTSV have been identified ). This report focuses on the geographical, seasonal, and general habitat distributions of three commonly collected tick species in the ROK, in addition to three species infrequently collected by tick drag.
Materials and methods

Site Description
Ticks were collected monthly by tick drag, as previously described (Chong et al. 2013a , from various habitats in Gyeongbuk Province, including Daegu and Ulsan Metropolitan Areas (MA) (128 sites), and Gyeongnam Province, including Busan MA (51 sites), in the southeastern part of the ROK peninsula (Fig. 1) . In an effort to provide a better estimate of the geographical and habitat distribution of ticks and associated pathogens [e.g., SFTSV, tick-borne encephalitis virus (TBEV), and spotted fever group (SFG) rickettsiae], sites were infrequently surveyed, more than once, from March-October. Except for forested hillsides and mountains, large undeveloped areas consisting of grasses are uncommon in Korea, since most arable land is used for agriculture. Because of this, consecutive monthly tick surveys would have rapidly led to the depletion of tick populations over time. Therefore, survey sites consisted of "similar" habitats, rather than a few fixed survey sites. Instead of being area-dependent, all collections were based on time, and as a result the data reported here, while suitable for determining tick species distribution, can only approximate tick population trends.
Collection sites were located along primary, secondary, and tertiary roads that included a variety of habitats: road cuts adjacent to forested areas, hillsides, mountains with hiking and animal trails, gravesites on hillsides, grasses and herbaceous vegetation adjacent to farmlands, and forested hillsides and mountains. Habitats were broadly classified as: (1) Forests (50 sites), including deciduous (10), pine (25) and mixed (15) forests; (2) Forests+Grasses (45 sites), including deciduous (10), pine (10) and mixed (25) forests in combination with open areas of grasses and herbaceous vegetation, e.g., multiple gravesites, wide dirt roads/trails and open areas with patches of trees; and (3) Grasses (84 sites) that included a preponderance of short-medium height grasses and/or herbaceous and crawling vegetation (e.g., kudzu, Pueraria montana) with or without a few isolated trees ( Fig. 2) . Burial mounds/gravesites ( Fig. 2H-I ) consisted of short to moderately tall planted grasses that were cut periodically throughout the year, especially during Chusok (late August/early September), and that were often bordered by planted groves of trees or volunteer forested hillsides with an understory of shrubs and scattered patches of grasses. Hillsides with multiple gravesites consisted of large open areas, often with tombstones/markers, whereas 1-2 gravesites were often connected to other nearby gravesites by narrow to broad forest trails of grasses. Forest understory consisted of various amounts of woody shrubs and young volunteer trees and ground cover of dead leaves/pine needles and patches of grasses and other herbaceous vegetation. 
Collection Methods
Collections were conducted monthly for 3-5 days during a 5-day period from March-October 2014 that coincided with the primary tick activity period in the ROK. Sites were sampled by 2-4 collectors for a period of 30-90 minutes, depending on the number of specimens collected, as described by Coburn et al. (2016) , or until approximately 100 adults/nymphs were collected. When only a few adults/nymphs were collected within 30 min, collections were discontinued. Large numbers of larvae collected during the July-September collection periods reduced the number of sites surveyed due to the time required to remove larvae from tick drags.
Ticks were collected using tick drags, as described by Chong et al. (2013a) and Coburn et al. (2016) . Briefly, drags were pulled at a slow to moderate walking pace over vegetation and ground cover for approximately 10-15 m, after which both sides of the drags were inspected for ticks. Adults and nymphs were carefully removed from the cloth using a fine forceps and up to 25 placed live in 2 ml cryovials. Larvae were similarly collected from the tick drags but, due to their small size, activity (enabling escape from the cryovials), and the time required for removal from the drags, up to 100 were placed in 2 ml cryovials containing 100% ethanol (EtOH). Following each collection period, collectors returned to the vehicle, where a unique collection number, referenced to habitat and collector, was written on each vial. Vials were then placed in 4 oz Whirl-Pak® plastic bags (Nasco, Inc., Fort Atkinson, Wisconsin, USA) that in turn were placed in a Styrofoam cooler with refrigerated gel packs to keep the specimens cool. The unique collection numbers, collector's name, habitat description, estimated number of ticks/vial, date of collection, collection type, province, county, nearest city, GPS coordinates, elevation, and start and end times of each collecting period were recorded on field tick collection forms. Field data were entered daily after each collection into an electronic tick collection database (Microsoft Excel ® ) that included photos of the area surveyed.
FIGURE 2. Forest habitats included deciduous forests (A), pine forests (B) and mixed forests (C).
Forests+Grasses included vegetation bordering forests (D-F) and wide forest trails (G), often leading to mountain/hillside burial mounds (gravesites) with short grasses (H, I). Crawling vegetation (Pueraria montana) was very high at the end of the season, making it difficult to use a tick drag (F). Grasses habitats included hillsides, road cuts, and fallow farmland with unmanaged grasses and herbaceous and crawling vegetation (J-L).
Specimen Identification
At the termination of each 5-day collection period, cryovials containing ticks, including larvae in EtOH, were transported to the 5 th Medical Detachment, United States Army Garrison (USAG) Yongsan, Seoul, ROK, where they were maintained at -80 o C until identified. Vials containing ticks were removed from the -80 o C freezer for up to 30 min and ticks identified to species using dissecting stereomicroscopes (x100) and keys developed by Yamaguti et al. (1971) and Robbins and Keirans (1992) . After identification, ticks were placed, by species, habitat, collector, and life stage in 2 ml cryovials [adults (1), nymphs (1-5) and larvae (1-50) in EtOH]. Vials were then labeled with a unique identification sub-number and returned to the -80 o C freezer for later determination of viral, bacterial, and protozoan pathogens. Voucher specimens were provided to Dr. Richard G. Robbins, Walter Reed Biosystematics Unit, Department of Entomology, Smithsonian Institution, for species confirmation and subsequent deposition in the Peabody Museum of Natural History, Yale University, New Haven, Connecticut, USA.
Data Analysis
Data were entered into an electronic tick collection form (Excel®), including photos of the collection site, and then summarized in an Excel data set. Because sampling was non-random, (see Site Description, above), overall differences for males and females, by species, were analyzed using the nonparametric Wilcoxon's signed rank test. Tick collection data were submitted to VectorMap and periodically updated with pathogen data for mapping the geographic distributions of tick species and associated pathogens.
Results
A total of 40,048 ticks of all life stages [1,480 adults (553 males, 927 females), 24,201 nymphs, and 14,367 larvae] belonging to three genera and six species were collected from March-October, 2014 (Table 1) . Haemaphysalis longicornis Neumann accounted for 84.25% (750 adults, 20,871 nymphs, 12,120 larvae) of all ticks collected, followed by Haemaphysalis flava Neumann (14.52%; 476 adults, 3,103 nymphs, 2,237 larvae), Ixodes nipponensis Kitaoka and Saito (1.09%; 254 adults, 172 nymphs, 10 larvae), Amblyomma testudinarium Koch (0.07%; 27 nymphs), Haemaphysalis phasiana Saito, Hoogstraal and Wassef (0.06%; 23 nymphs), and Ixodes turdus Nakatsuji (0.01%; 5 nymphs).
A total of 179 sites were surveyed in two provinces: Gyeongbuk (including Daegu and Ulsan MA) (128 sites; 29,737 ticks; 74.25%) and Gyeongnam (including Busan MA) (51 sites; 10,311 ticks; 25.75%) ( Table 2 ). The number of sites sampled monthly varied as a result of precipitation, when collections could not be conducted, travel time to survey sites, and site sampling duration (e.g., when large numbers of larvae were collected on drags). Overall for all life stages, H. longicornis was the predominant species collected in both Gyeongbuk (25,725, 86.51%) and Gyeongnam (8, 030, 77 .88%), provinces, followed by H. flava (3,655, 12.29% and 2,161, 20.96%, respectively) , and I. nipponensis (383, 1.19% and 83, 0.80%, respectively) . Low numbers of A. testudinarium (27, 0.26%) and H. phasiana (23, 0.22%) were collected only from Gyeongnam province, while I. turdus (4, 0.01% and 1, <0.01%) was collected from Gyeongbuk and Gyeongnam provinces, respectively.
Total collection duration times (hr) were variable for Gyeongbuk (184.62 hr) and Gyeongnam (72.00 hr) ( Table 3 ). The mean numbers for all stages and species of ticks collected/hr at Gyeongbuk (161.07/hr) and Gyeongnam (143.43/hr) were similar. The overall mean numbers of adults, nymphs, and larvae collected/hr were 5.77, 94.31, and 55.99/hr, respectively, while the overall mean number collected/hr for all stages was 156.06. 
Habitat Distribution
The numbers of general habitats surveyed included Forests (50 sites), Forests+Grasses (45 sites), and Grasses (84 sites) from March-October 2014 ( Numbers (%) of ticks collected, by species, stage of development, and province/total number of ticks collected, by species, for each province. Total numbers (%) of total ticks collected for each province.
Seasonal Distribution
Haemaphysalis longicornis nymphs were commonly collected during March (59.86/hr) and peaked in April (157.86/hr), then steadily declined through October (4.05/hr) ( 2 Total numbers (mean/survey hours), by species, stage of development, and province/total number of survey hours for each province.
3 Total numbers (mean/survey hour) of ticks collected/survey hour, by species, stage of development, and province/total number of survey hours for each province. 4 Total numbers (mean/survey hour) of ticks collected/survey hour, by species/total number of survey hours for each province. Total number (mean number collected/hr), for all species for each general habitat surveyed.
5
Total number (mean number collected/hr), by species, for all habitats surveyed.
Adult Sex Distributions
Overall, for all habitats, the proportion of H. flava males (231) and females (245) (P = 0.16) was similar ( Total number (mean number/hr) of ticks collected monthly from March-October. Total hours that each of the major habitats was surveyed. 
FIGURE 4. Mean numbers of Haemaphysalis longicornis (A), H. flava (B), and Ixodes nipponensis
Discussion
Ticks are obligate blood-feeding ectoparasites of wildlife (Heath et al. 1987 , 2010a , 2009 ) that also infest domestic animals (Choe et al. 2011) and incidentally bite man (Cho et al. 1995 , Ryu et al. 1998 , Chae et al. 2000 , Ko et al. 2002 , Suh et al. 2008 , Kim et al. 2010b due to the proximity of human habitations or human activities in tick-infested habitats. As vectors of a number of zoonotic arboviruses, bacteria, and protozoan pathogens, ticks significantly impact human and animal health. Sequential surveys over the primary tick season provide information essential to identifying tick habitats and seasonal phenologies, in addition to the distribution and prevalence of tick-borne pathogens (Shim et al. 1993 , Park et al. 1992 , 2009 , Sames et al. 2008 , Ko et al. 2010 , Chong et al. 2013a , b, Shin et al. 2013 . Tick drags that collect large numbers of questing ticks mirror the actual exposure that unprotected civilian and military personnel (i.e., those not using permethrin-treated clothing) might experience when conducting activities in favorable tick habitats, thus yielding data that can be used to determine human disease risk (Gherman et al. 2012 , Chong et al. 2013a , b, Coburn et al. 2016 . The seasonal life histories of H. longicornis, H. flava and I. nipponensis reported here are similar to those documented in previous surveys by Chong et al. (2013b) for ticks collected in northern Gyeonggi and Gangwon provinces near the Demilitarized Zone and by Coburn et al. (2016) for ticks collected in four southwestern provinces of the ROK. Similarities between these studies as well as other non-sequential surveys indicate that even though the same sites were not surveyed over the tick season, there is essential agreement concerning the seasonality and habitat associations of H. longicornis, H. flava, and I. nipponensis. Minor differences were likely due to the variability of habitats surveyed and to variations in time of collection (e.g., early or later in the month). Grass habitats, often with a preponderance of herbaceous and crawling vegetation, were usually limited in nature, as most arable land in the ROK is under agriculture. Grass habitats that were amenable to tick drag collections during the spring/early summer were not surveyed during the later months because by that time grasses and herbaceous and crawling (P. montana) vegetation frequently exceeded 1 m in height, preventing the effective use of tick drags. As a result, relative tick abundance for many of these areas often could not be reliably evaluated from July-October. Additionally, undergrowth in forest habitats reduced the effectiveness of tick drags, except where there were abundant man-made and animal trails.
In addition to providing information on tick biology, tick drag collections are used to identify the distribution of arboviruses (e.g., TBEV, SFTSV), bacteria (e.g., SFG rickettsiae, and Ehrlichia and Anaplasma spp.), and protozoa (Babesia spp.) that affect human health throughout the ROK . Since the detection of SFTSV in 2013, which has a high mortality rate of 15-30%, tick-borne disease surveillance has taken on greater importance in the ROK , Park et al. 2014a . Preliminary data indicate that SFTSV and TBEV are focal, with overall infection rates of <1% for ticks that were collected during this survey . During this study, the three most frequently collected tick species, H. longicornis, H. flava and I. nipponensis, were positive for SFTSV, and while H. longicornis is the presumed primary vector, the minimum likelihood estimates (MLE) were highest for H. flava . However, the presence of large numbers of H. longicornis in Grasses, compared to lower numbers and a higher proportion of H. flava in Forests, increases the likelihood of exposure and implicates H. longicornis as the primary vector. Although the MLE for I. nipponensis and A. testudinarium was low , Suh et al. 2016 , more tick bites have been associated with these two species, both of which have also been implicated as vectors of SFTSV (Cho et al. 1995 , Ryu et al. 1998 , Chae et al. 2000 , Suh, et al. 2008 , Kim et al. 2010b .
Haemaphysalis longicornis was the dominant species collected from all provinces and habitats surveyed and was most commonly collected from Grasses, with a decreasing proportion collected in Forests+Grasses and in Forests habitats. High numbers of H. longicornis and H. flava were collected in Forests+Grasses habitats, e.g., hillside gravesites and farmlands bordering forests, thereby exposing civilians tending lands or gravesites to SFTSV and TBEV , Park et al. 2014a , b, 2016 . The abundance of H. longicornis in Grasses (e.g., pastures and borders of small garden plots) potentially exposes farmers and elderly people (those >60 yrs of age, who typically have the highest mortality rates) to SFTSV (Shin et al. 2015) . During our 2013 survey, one farmer reported being frequently bitten by ticks while handling cattle during milking operations, and as a result discontinued pasturing cattle after confirmed/suspected SFTSV cases were reported from nearby farms . Similarly, during Chusok (late August/early September), family members tend gravesites and adjacent areas, cutting grasses/ herbaceous vegetation/shrubs/volunteer trees, usually in Forests+Grasses habitats, thereby encountering questing H. longicornis, H. flava and I. nipponensis, which are often abundant. While adult populations of H. longicornis and H. flava were low during this period, larval populations were peaking, exposing caretakers to transovarially transmitted pathogens, e.g., SFTSV and SFG rickettsiae. Although few H. longicornis nymphs and no adults were collected during the October survey, higher numbers of H. longicornis larvae were collected compared to collections made in the southwestern provinces during 2013, possibly due to differences in collection timing . Based on the high number of nymphs collected from March-April along with low numbers of dispersed larvae that were unsuccessful in acquiring a host (larvae not clustered) during MarchJuly, it appears that nearly all H. longicornis larvae that successfully blood feed overwinter as nymphs. The high numbers of larvae collected from August-October and lower numbers of questing nymphs reduce the potential transmission of Ehrlichia and Anaplasma spp., which are not transmitted transovarially, while increasing risks for SFG rickettsiae and arboviruses that are transmitted by this route. Haemaphysalis flava larvae were first observed and peaked in July before declining to low numbers from September and October when adult and nymph populations increased, increasing transmission risks for Ehrlichia and Anaplasma spp. that are transmitted transstadially, as well as SFG rickettsiae and arboviruses that are transmitted both transovarially and transstadially. While too few I. nipponensis larvae were collected for comparative analyses, the seasonal pattern of development was similar to patterns observed for collections made during the 2013 tick survey of the southwestern provinces . Thus, H. flava and I. nipponensis larvae, unlike H. longicornis, complete their life cycles earlier in the season and overwinter as both nymphs and adults, with a higher proportion of adults collected from MarchMay.
As in the 2013 tick survey of Korea's southwestern provinces , sex disparities were observed for adult H. longicornis, with males accounting for only 20.0% (150♂/ 750♀) of the total number of adults collected, which may be due to parthenogenesis, with females representing both parthenogenetic and bisexual populations (Hoogstraal et al. 1968) . The proportion of parthenogenetic and bisexual females, based on cytogenetics, was not investigated. Similarly, there was a higher proportion of male I. nipponensis (62.2%) compared to females, while collections of male (51.5%) and female (48.5%) H. flava were similar. The reasons for the disparity between male and female I. nipponensis are not understood, especially since females are larger and more easily detected on tick drags than the smaller males.
Ixodes nipponensis larvae and nymphs accounted for the majority of all ticks collected from small mammals. Even though trapping was conducted in grass habitats where H. longicornis is commonly collected, none were collected from small mammals (Kim et al. 2010a . These and previous data support the idea that H. longicornis larvae and nymphs prefer to feed on medium-to large-sized mammals, while hosts of I. nipponensis larvae are small mammals, with nymphs and adults infesting larger mammals (Heath et al. 1987 , Kang et al. 2016 ). The low numbers of H. flava collected during small mammal surveys may be due to the fact that such surveys were conducted primarily among Grasses habitats, whereas H. flava was more commonly collected in Forests or in Forests+Grasses. Farmers and families that tend small gardens are exposed to high numbers of all life stages of H. longicornis in open grassy areas bordering agricultural lands, increasing their risk of being bitten and becoming infected with tick-borne pathogens.
Haemaphysalis longicornis, H. flava, I. nipponensis, and A. testudinarium have been reported to bite man in the ROK (Cho et al. 1995 , Ryu, et al. 1998 , Chae et al. 2000 , Ko et al. 2002 , Suh et al. 2008 , Kim et al. 2010b . There have been more reports of I. nipponensis and A. testudinarium bites, perhaps because these species produce stronger dermatological reactions and have a broader range of hosts, including humans, even though the ticks themselves are less often collected. While there are on average 40 tick bites reported by KCDC annually, many go unreported, based on the number of SFTSV infections (35, 51, and 79) reported from 2013-2015, respectively (KCDC 2016). The close proximity of H. longicornis to human habitations and farms has led to its being considered the primary vector of SFTSV in Korea and China (Yu et al. 2011 , Zhang et al. 2012 , Wang et al. 2015 . However, H. flava, I. nipponensis, and A. testudinarium have also been reported positive for SFTSV (Suh et al. 2016 , b, 2016 . Both military and civilian populations are at risk not only for SFTSV, but also for other pathogens that are commonly associated with ticks in the ROK. SFG rickettsiae cases are likely underreported, since 13.4% and 23.6% of pools of H. flava and H. longicornis collected during 2013 were positive by PCR (R. Takhampunya, unpublished data). Additionally, 1.7%, 0.3% and 0.7% of pools of H. flava, H. longicornis and I. nipponensis were positive for Babesia spp. Only H. longicornis was positive for A. phagocytophilum (0.3%) and E. chaffeensis (0.1%). Thus, the full impact of tick-borne diseases in the ROK is not fully understood because many infections may be misdiagnosed or unreported.
Tick populations are often estimated from the number of sites surveyed. However, because survey times vary, the number of ticks collected/hr of collection provides a better estimate of relative densities. For H. flava, H. longicornis, and I. nipponensis, relative adult densities based on the number of sites surveyed overestimated the number of adults collected/hr, while underestimating the number of nymphs and larvae collected/hr. Also, when large numbers of larval ticks are collected, collection times are increased due to the time required for the removal of larvae from tick drags. This decreases the actual drag time/distance, thereby reducing potential collections of nymphs and adults and causing an underestimate of nymph and adult population densities.
In summary, tick-borne diseases pose a significant health risk to civilian and military populations on the Korean peninsula and associated islands (e.g., Jeju Island). As increased numbers of tick-borne disease cases are reported, e.g., SFTSV and Lyme disease, surveillance of ticks and associated pathogens has taken on greater importance. Based on pathogen detection rates for SFG rickettsiae, TBEV (European strain), SFTSV, and Anaplasma, Ehrlichia, Bartonella, and Babesia spp., tick-borne diseases are greatly underreported in the ROK. Therefore, comprehensive tick-borne disease surveillance programs should be established to better understand the seasonal, geographical, and habitat distributions and life histories of ticks as well as the prevalence of any associated pathogens.
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